The mechanism of localized corrosion and phase transformation of tube-to-tube sheet welds of hyper duplex stainless steel (HDSS) were investigated in acidified chloride environments. The HDSS tube-to-tube sheet welded with an Ar shielding gas without a filler metal, which increases the ferrite content, Cr 2 N and pitting resistance equivalent number (PREN) difference between the two phases, demonstrated the lower corrosion resistance than that with Ar shielding gas with a filler metal. The pitting corrosion of the weld metal (WM) in the HDSS tube-to-tube sheet welded using a pure Ar shielding gas with a filler metal occurred at the dendrite core (DC) that Cr and Mo were depleted and at the region adjacent to Mu phase that Mo and W were depleted. The localized corrosion was selectively initiated at the ¡-phase because the PREN value of the ¡-phase was much smaller than that of the £-phase, irrespective of the chemical compositions of the shielding, and the areas of the WM, heat affected zone (HAZ) and base metal (BM) (except for the WM in the HDSS tube-to-tube sheet welded using Ar with a filler metal).
Introduction
Duplex stainless steels (DSSs) with nearly equal fraction of ferrite (¡) phase and austenite (£) phase have been increasingly being used for various applications such as desalination facilities, the off-shore petroleum industry, power plants and chemical plants due to their high resistance to stress corrosion cracking and pitting corrosion, good weldability, excellent mechanical properties and relatively low cost owing to the addition of low Ni, as compared with austenite stainless steels. 13) In general, it is well known that super duplex stainless steels such as UNS S32750, UNS S32760 and UNS S32550 are defined as duplex stainless steels with a PREN (Pitting Resistance Equivalent Number (PREN) = [mass% Cr] ) of 4045. Hyper duplex stainless steel (HDSS) such as UNS S32707 is defined as a highly alloyed duplex stainless steel with a PREN in excess of 45.4. The corrosion resistances of duplex stainless steels are determined by the fraction of the ¡-phase and £-phase and by the Cr and Mo depleted zone adjacent to the secondary phases such as detrimental intermetallic phases (·, X), carbides, and nitrides.
However, there are some inevitable issues with the DSS including that the localized corrosion resistances of the weld metal (WM) and heat-affected zone (HAZ) in the DSS tubeto-tube sheet during solidification after welding without a filler wire deteriorate significantly due to the high ferrite content and Cr 2 N precipitates in these areas, when compared with that of the corresponding base metal (BM). Accordingly, when DSSs are welded, the heat input, 611) post-weld heat-treatment (PWHT) 1113 ) and use of a filler metal 14) can significantly affect the resistance to pitting corrosion of DSSs. Control over the balance of the £-phase and ¡-phase in the WM and HAZ is important from a corrosion viewpoint, because the corrosion resistance deteriorates with a high content of the ¡-phase.
It was reported that the presence of chromium-rich nitrides (Cr 2 N) is observed over a wide range of cooling rates and the effect is particularly evident for microstructures with a high ferrite content, which are usually the result of fast cooling rates. 15, 16) These chromium rich nitrides also significantly decrease the impact toughness and pitting corrosion resistance. A risk of Cr 2 N formation in the ¡-phase is also noted with an increase in the ¡-phase and increased nitrogen levels due to the lower solubility of nitrogen in the ¡-phase. However, high cooling rates do reduce ·-phase precipitation.
Hence, it is important to quantitatively verify the mechanisms underlying the effects of shielding gas and filler metal on the microstructure and localized corrosion of the difference in the corrosion resistance between the two phases and the Cr-depleted zone adjacent to Cr 2 N and in the WM and HAZ of the HDSS tube-to-tube sheet welds.
In this work, to elucidate the mechanism of localized corrosion and phase transformation of the HDSS tube-to-tube sheet welds investigated in acidified chloride environments, a metallographic examination, a potentiodynamic polarization test, critical pitting and crevice temperature tests, scanning electron microscope and energy dispersive spectroscope (SEMEDS) analyses, a scanning Auger multiprobe (SAM) analysis and an electron probe micro-analyzer (EPMA) were performed.
Experimental Procedures
2.1 Calculation of phase diagram and the equilibrium fractions of each phase In order to predict the phase stability and solidification mode of the HDSS alloy during solidification after welding, the phase diagram and equilibrium fractions of each phase were calculated against the temperature for the HDSS alloy using a commercial Thermo-Calc software package. Its procedure is as follows: The chemical compositions of not only 27 mass% Cr but also 7.23 mass% Ni, 2.57 mass% Mo, 3.23 mass% W, 1.96 mass% Mn, 0.2 mass% Si, 0.02 mass% C, 0.34 mass% N are input into the Thermo-Calc Software. After this procedure is successfully completed, the phase diagram of Cr (mass%) vs. temperature (K) is plotted.
Materials
To prepare the HDSS tube-to-tube sheet welds, tubes with and outer diameter of 19.05 mm and thickness of 1.5 mm were welded using the autogenous gas tungsten arc welding (GTAW) method and plates with a thickness of 8 mm were hot rolled. Thirty holes were drilled in the hot rolled plates.
Then, the holes were drilled in the plates. For the comparative conditions of the shielding gas and a filler metal (ERNiCrMo 4 from a Ni-based alloy), the tubes were inserted into the holes and were then expanded via rolling. The tubes and tube sheets were joined using the GTAW method with a heat input of 0.036 kJ/mm, using an Ar shielding gas without a filler metal, and a heat input of 0.35 kJ/mm, using an Ar shielding gas with the filler metal.
The heat input (0.036 kJ/mm) of the HDSS tube-to-tube sheet welded using an Ar shielding gas without a filler metal was calculated using the following formula.
(H; heat input (0.036 kJ/mm), E; arc voltage (9 V), I; arc current (85 A), S; travel speed (1260 mm/min)) The heat input (0.35 kJ/mm) of the HDSS tube-to-tube sheet welded using an Ar shielding gas with a filler metal was calculated using the formula (1) . (H; heat input (0.35 kJ/mm, E; arc voltage (8.7 V), I; arc current (58 A), S; travel speed (87 mm/min)) Figure 1 shows the configuration of the HDSS tube-to-tube sheet welds manufactured by the above welding conditions.
The chemical compositions of the HDSS with PREN 51, and a commercial Ni-base filler metal (ERNiCrMo) are presented in Table 1 .
Microstructural characterization
To observe the optical microstructures of the weld metal (WM), heat affected zone (HAZ) and base metal (BM) in the HDSS welds, the tubes were electrolytically etched using 10 mass% KOH. The ferrite (¡) and austenite (£) volume fractions were calculated using the method of manual point count according to the ASTM E562 17) as follows: the magnification of the micrograph was 500 times and the grid size (number of points, PN) was 25. Any points that fell on the boundary were counted as half (0.5). The chemical compositions of the ¡-phase and £-phase were analyzed using a JEOL JSM 700 SEM and an OXFORD instruments INCA X-art (51-ADD0069) EDS attached to a SEM. The nitrogen (N) content was analyzed using a Perkin-Elmer PHI 610 SAM. Ar sputtering was performed under the conditions of 10 KeV, 10 nA, and 30°tilt angle. Sputtering rate was 0.7 nm/min from sputtering time of 0 min to that of 10 min and 3.5 nm/min from sputtering time of 10 min to that of 20 min. Relative sensitivity factors (RSF) of the N is 0.161 and RSF of O is 0.212. The analyzed area size is approximately 2 µm.
The Mu (®) phases formed in the WM of the HDSS tubeto-tube sheet welds during the GTAW with filler metal were analyzed using a JEOL JSM 840A back-scattered electron (BSE) and a SHIMADZU EPMA-1600 EPMA.
The Cr 2 N precipitates formed in the HDSS tube during the GTAW were analysed using a carbon replica technique and a thin foil technique with a transmission electron microscopy (a JEOL JM2100F TEM). The carbon replica was prepared by electrolytically etching the polished samples with an etchant of 10 mass% KOH. The thin foil specimens were prepared electrolytically at 25 V in 10% perchloric acid plus 90% methyl alcohol.
Corrosion tests
In order to measure the electrochemical parameters of the HDSS welds, a potentiodynamic anodic polarization test was performed using an EG&G PAR 263A potentiostat in a deaerated 0.5 N HCl + 1 N NaCl solution at 333 K according to ASTM G 5.
18) The test was undertaken using the welded The commercial Ni-based filler metal zone (WM + HAZ + BM) with an exposed area of 0.5 cm 2 . The test was conducted at a potential range of ¹0.65 V SCE +1.0 V SCE at a scanning rate of 0.06 V/min, using a saturated calomel electrode (SCE). A critical pitting temperature (CPT) test was performed in 6 mass% FeCl 3 + 1 mass% HCl with a pH level of 0 according to the ASTM G48-Method E.
19) The CPT test was undertaken the welded zone (WM + HAZ + BM) and BM. A critical crevice temperature (CCT) test was performed in 6 mass% FeCl 3 + 1 mass% HCl according to the ASTM G 48Method F.
19) The CCT test was undertaken using the WM and BM. The pitting and crevice corrosion were considered to be present if the local attack is 0.025 mm or more in depth and the mass loss corrosion rates were greater than or equal to 0.0001 g/cm 2 . The deepest pits and crevices were measured using a calibrated needle point micrometer gage.
The optical microscope and SEMEDS were used to observe the initiation and propagation of localized corrosion in the specimen after undertaking the potentiodynamic anodic polarization test and CPT test.
Results and Discussion

Calculation of the phase diagram and equilibrium
fraction of each phase The phase diagram of the HDSS alloy was calculated using the Thermo-Calc Software package, and it provides a roadmap of the metallurgical behavior ( Fig. 2(a) ). A sectional view of the 27 mass% Cr illustrates that the alloy solidifies primarily as an ¡-phase and some of the ¡-phase transforms to a £-phase with a temperature decrease. Accordingly, the solidification mode of the HDSS alloy can be considered as a type of FA mode. As the temperature decreases further, the ¡-phase decomposes into a ·-phase (·) and secondary austenite (£ 2 ) according to the eutectoid reaction.
As the temperature of the solution heat-treatment decreases in the region with the dual £/¡-phases, the volume fraction of the ¡-phase decreases and that of the £-phase increases. The equilibrium fractions of each phase against the temperature for the HDSS alloy were calculated using the Thermo-Calc Software package (Fig. 2(b) ). It was predicted that the optimum temperature for the solution heat-treatment in order to obtain the desired microstructure of 50 vol% £-phase and 50 vol% ¡-phase is 1363 K and the Cr 2 N precipitate at about 1273 K.
Phase transformation of the HDSS tube-to-tube
sheet welds during the GTAW Figure 3 shows the optical microstructures of the HDSS tube-to-tube sheet welds. The £-phases formed in the BM were elongated in the cold rolling direction, irrespective of the shielding gas composition and filler metal. As presented in Fig. 4 , the content (85 vol%) of the ¡-phases in the WM of the HDSS tube-to-tube sheet welded with the Ar shielding gas without a filler metal demonstrated the greater increases, compared with that of the BM in the HDSS tube-to-tube sheet welds (50 vol%).
The results of the TEM analyses of the Cr 2 N formed in the WM of the HDSS tube-to-tube sheet after welding using pure Ar demonstrate that all precipitates were rod-like Cr nitrides (Figs. 5(a) and 5(b)). Neither carbides nor intermetallic compounds such as ·-phases and »-phases were detected in the WM. Based on the diffraction pattern analysis (Fig. 5(c) ), the Cr 2 N has a hexagonal close packed (HCP) structure. A Cr depleted zone, which decreases the corrosion resistance adjacent to the Cr 2 N, was observed ( Fig. 5(d) ). Furthermore, while the nitrogen is nearly completely solutionized in the £-phase in the DSS, it is rarely solutionized in the ¡-phase; the causes of this are as follows. The N atoms in the £-phase with face centered cubic (FCC) lattices occupy the octahedral interstitial sites, leading to a N saturated £-phase compared with that of the ¡-phase with body centered cubic (BCC) lattices, because the octahedral interstices of the FCC lattice are approximately three times larger than those of the BCC lattice. The nitrogen solubility in the ¡-phase has very low of maximum of 0.05 mass%. 21) Accordingly, the content of the ¡-phase in the WM of the HDSS tube-to-tube sheet welded using pure Ar is much larger than that of the tube-to-tube sheet welded using Ar with a filler metal.
The content (63 vol%) of the ¡-phases in the HAZ of the HDSS tube-to-tube sheet welded using pure Ar with a filler metal was increased, when compared with that (49 vol%) of the BM in the HDSS tube-to-tube sheet welds. Furthermore, the width of HAZ in the HDSS tube-to-tube sheet welded using pure Ar with a filler metal was increased much larger than that of the HDSS tube-to-tube sheet welded using pure Ar without a filler metal because the heat input (0.35 kJ/mm) of the former is much higher than that (0.036 kJ/mm) of the latter. The HAZ in the HDSS tube-to-tube sheet welded using pure Ar without a filler metal doesn't exist nearly due to lower heat input. Figure 6 shows the back scattered electron (BSE) image and the electron probe micro-analyzer (EPMA) line analyses of the weld metal (WM) in the HDSS tube-to-tube sheet welded using a pure Ar shielding gas with a filler metal. As presented in Fig. 6(a) , the weld metal of the tube-to-tube sheet welds obtained by solidification after the GTAW forms cells that are composed of the interdendritic regions (IR) and dendritic regions (DR). In the interdendritic region, Cr and Mo were enriched whereas Ni and Fe were depleted. Conversely, in the dendrite core, Cr and Mo were depleted whereas Ni and Fe were enriched (Fig. 6(b) ). The content of Cr and Mo in the dendrite core (DC) decreased greatly, compared with that in the other regions. In particular, the intermetallic compounds such as Mu (®) phases in the interdendritic regions were observed.
22) The Mo and W in the Mu phase were enriched much more than those in the IR ( Table 2 ). The ®-phase is a topologically-closed-packed (TCP) phase in nickel base alloys. With a hexagonal system, the phase has the rhombohedral lattice with a = 0.476 nm and c = 2.56 nm.
23) The presence of the ®-phase in some nickel base alloys is unavoidable due to the high concentration of tungsten and molybdenum. Generally, when the content of tungsten and molybdenum is more than 3.5 mass%, the ®-phase is the main TCP phase instead of the sigma (·) phase.
24) The presence of µ phase has been found to be detrimental to properties of the alloys such as rupture strength, tensile ductility at room temperature, impact toughness and corrosion resistance. 25, 26) 3.3 The resistance to localized corrosion of the HDSS tube-to-tube sheet welds Figure 7 shows the potentiodynamic anodic polarization behavior of the HDSS tube-to-tube sheet welds in a deaerated 0.5 N HCl + 1 N NaCl at 333 K according to ASTM G 5. In general, the pitting potential (E p ) is defined as the breakdown potential that destroys a passive film. As the E p of an alloy Dendritic Region 2: DR 2
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increases, the resistance of the alloy to pitting corrosion increases. Table 3 shows the electrochemical parameters measured from the potentiodynamic anodic polarization curves. The resistance to pitting corrosion of an alloy increases with an increase in the pitting potential, passive region (¦E p ), and with a decrease in the passive current density (I p ). The E p (781 mV SCE ) and ¦E p (825 mV SCE ) of the HDSS tube-to-tube-sheet welded using the Ar shielding gas with a filler metal were higher than the E p (146 mV SCE ) and ¦E p (203 mV SCE ) of the HDSS tube-to-tube-sheet welded using the Ar shielding gas without a filler metal. Figure 8 presents the critical pitting temperature (CPT) and critical crevice temperature (CCT) of the HDSS tubeto-tube sheet welds in 6 mass% FeCl 3 + 1 mass% HCl according to ASTM G 48-methods E and F, respectively. The CPT of the HDSS tube-to-tube sheet welded using the Ar shielding gas with a filler metal was 338 K whereas that of the HDSS tube-to-tube sheet welded using the Ar shielding gas without a filler metal was 318 K. Furthermore, the CCT of the weld metal in the HDSS tube-to-tube sheet welded using the Ar shielding gas with a filler metal was 323 K whereas that of the weld metal in the HDSS tube-to-tube sheet welded using the Ar shielding gas without a filler metal was 308 K. Based on the above results of the electrochemical, CPT and CCT tests, the resistance to localized corrosion of the HDSS tube-to-tube sheet welds after welding using the Ar shielding gas with a filler metal demonstrated a better corrosion resistance than the HDSS tube-to-tube sheet welds after welding using the Ar shielding gas without the filler metal in acidified Cl ¹ environments. Figure 9 (a) presents the pitting morphologies of the weld metal (WM) in the HDSS tube-to-tube sheet welded using a pure Ar shielding gas without a filler metal after finishing the potentiodynamic polarization test at 600 mV SCE whereas Fig. 9(b) shows those after finishing the potentiodynamic polarization test at 950 mV SCE . That is, Fig. 9(a) indicates the pitting initiation because of finishing the potentiodynamic polarization test at 600 mV SCE above the pitting potential of 146 mV SCE whereas Fig. 9(b) indicates the pitting propagation because of finishing the potentiodynamic polarization test at 950 mV SCE much higher than the pitting potential of 146 mV SCE . The pitting corrosion of the WM (85 vol% ¡) containing the high ¡-phase in the HDSS tube-to-tube sheet welds was initiated at the Cr-depleted zone adjacent to the Cr 2 N in the ¡-phase (Fig. 9(a) ) and was then propagated into the ¡-phase (Fig. 9(b) ). Figure 10 presents the pitting morphologies of the weld metal (WM) and heat affected zone (HAZ) in the HDSS tubeto-tube sheet welded using a pure Ar shielding gas with a filler metal after the potentiodynamic polarization test. The pitting corrosion at the WM occurred at the dendrite core (a) (b) Fig. 9 The pitting morphologies of the weld metal (WM) in the HDSS tube-to-tube sheet welded using a pure Ar shielding gas without a filler metal: (a) after finishing the potentiodynamic polarization test at 600 mV SCE and (b) after finishing the potentiodynamic polarization test at 950 mV SCE . 20 ) Fig. 8 The critical pitting and crevice temperature of the HDSS tube-totube sheet welds in 6 mass% FeCl 3 + 1 mass% HCl according to ASTM G 48-methods E and F, respectively. Table 3 Electrochemical parameters measured from the potentiodynamic anodic polarization curves in a deaerated 0.5 N HCl + 1.0 N NaCl at 333 K.
Mechanism of the localized corrosion of the HDSS tube-to-tube sheet welds
Conditions of shielding gas and filler metal I P : Passive current density (DC) that Cr and Mo were depleted, and at the region adjacent to the ®-phase that Mo and W were depleted. The pitting corrosion of the HAZ (63 vol% ¡) containing the high ¡-phase was initiated due to an increase of the Cr-depleted zone adjacent to the rod-like Cr 2 N in the ¡-phase. Figure 11 shows the initiation and propagation of pitting corrosion of the HDSS tube-to-tube sheet welds after the critical pitting test in 6 mass% FeCl 3 + 1 mass% HCl. Irrespective of the Ar shielding gas, filler metal and the areas of the WM and HAZ (except for the WM in the HDSS tube-to-tube sheet welded using Ar with a filler metal), the pitting corrosion was initiated at the ¡-phase, and was then propagated into the £-phase. The final propagation of pitting corrosion occurred partly from the ¡-phase to the £-phase and most of the non-pitted £-phases adjacent to the completely pitted ¡-phases jumped to the test solution. However, the pitting corrosion of the WM in the HDSS tube-to-tube sheet welds after welding using the pure Ar with a filler metal seems to occur at the region adjacent to Mu phase that Mo and W were depleted.
To verify the difference in the resistance to pitting corrosion between the £-phase and the ¡-phase, the content of Cr, Mo and W in the £-phase and the ¡-phase in the HDSS tube-to-tube sheet welds was quantitatively measured using a SEMEDS and the N content was measured using a SAM. Then, the pitting resistance equivalent number (PREN) values of the £-phase and the ¡-phase in the WM, HAZ and BM were calculated. PREN formula (3) for DSSs has been used by several researchers to investigate the resistance to localized corrosion of DSSs. 21, 27, 28) PREN ¼ mass% Cr þ 3:3 ðmass% Mo þ 0:5 mass% WÞ þ 30 mass% N ð3Þ Figure 12 shows the difference of the PRE (PREN £ ¹ PREN ¡ ) value between the ¡-phase and the £-phase of the HDSS tube-to-tube sheet welds. Based on the PREN £ and PREN ¡ values calculated by eq. (3) with a nitrogen factor of 30, the pitting corrosion must selectively generate at the ¡-phases in acidified Cl ¹ environment, irrespective of the Ar shielding gas, filler metal, and the areas of the WM, HAZ and BM (except for the WM in the HDSS tube-to-tube sheet welded using Ar with a filler metal) because the PREN value of the £-phase is much larger than that of the ¡-phase. The HDSS tube-to-tube sheet welds showed the differences in the PREN between these two phases in the following order: WM (Ar without a filler metal) > HAZ (Ar with a filler metal) > BM. The differences in the PREN between these two phases in the WM and HAZ of the HDSS are much larger than those of the BM. Accordingly, the difference of corrosion resistance between the two phases is greatly increased, and thereby deteriorating the corrosion resistance at the WM and HAZ. As presented in Figs. 4 and 12, the PREN difference (PREN £ ¹ PREN ¡ ) between the two phases is proportional to the ferrite (¡) content. As the content of the ¡-phase increases and that of the £-phase decreases, Cr, Mo and W, which act as ¡-stabilizers, are diluted in the ¡-phase and are enriched in the £-phase. In contrast, nitrogen, which is a £-stabilizer, is restricted to a maximum of 0.05 mass% due to the small interstitial site of the BCC structure in the ¡-phase and is almost enriched in the £-phase. Figure 13 the schematic of the localized corrosion and phase transformation of the HDSS tube-to-tube sheet welds. The ¡-phase fraction and Cr 2 N content in the WM after welding using the Ar shielding gas without a filler metal was increased greatly during the cooling period ( Fig. 13(b) ), compared with that of the BM (Fig. 13(a) ), and thereby initiating the pitting corrosion at the Cr-depleted region adjacent to Cr 2 N precipitated in the ¡-phase.
Moreover, the content of the ¡-phase in the HAZ of the HDSS tube-to-tube sheet welded using the Ar shielding gas with a filler metal was increased ( Fig. 13(e) ), when compared with that of the HDSS welded using the Ar shielding gas without a filler metal (Fig. 13(d) ). Meanwhile, the WM of the HDSS tube-to-tube sheet welded using pure Ar with a filler metal (Fig. 13(c) ) was composed the interdendritic region (IR), dendritic region (DR) and Mu phase. The pitting corrosion occurred at the Cr and Mo-depleted region in the DR and at the Mo and W-depleted region adjacent to Mu phase. Accordingly, as the ferrite content increases, the amount of Cr 2 N and PREN difference between the ¡-phase and £-phase increase. Here, the order of priority of the localized corrosion resistance is as follows: £-phase > ¡-phase > Cr-depleted zone. Hence, the resistance to localized corrosion was decreased after welding using Ar shielding gas without a filler metal, compared with that of the Ar shielding gas with a filler metal.
Conclusions
To elucidate the mechanism of localized corrosion and phase transformation of the HDSS tube-to-tube sheet welds investigated in acidified chloride environments, a metallographic examination, a potentiodynamic polarization test, critical pitting and crevice temperature tests, scanning electron microscope and energy dispersive spectroscope (SEMEDS) analyses, a scanning Auger multi-probe (SAM) analysis and an electron probe micro-analyzer (EPMA) were carried out. From the results of these tests, the following conclusions have been drawn. (1) The resistance to localized corrosion of the weld metal (WM) in the HDSS tube-to-tube sheet welded with an Ar shielding gas without a filler metal decreased greatly due to an increase in the ¡-phase fraction (85 vol% ¡) and Cr 2 N, and an increase in the pitting resistance equivalent number (PREN) difference between the £-phase and ¡-phase, compared with that of the base metal (BM). (2) The pitting corrosion of the WM in the HDSS tube-totube sheet welded using a pure Ar shielding gas with a filler metal occurred at the dendrite core (DC) that Cr and Mo were depleted and at the region adjacent to the ®-phase that Mo and W were depleted. The pitting behavior of the HAZ (63 vol% ¡) was similar to that of the WM in the HDSS tube-to-tube sheet welded with an Ar shielding gas without a filler metal. (3) Based on the PREN £ and PREN ¡ values, the localized corrosion of the HDSS tube-to-tube sheet welds was selectively initiated at the ¡-phases because the PREN value of the £-phase is much larger than that of the ¡-phase, irrespective of the areas of the WM, HAZ and BM (except for the WM in the HDSS tube-to-tube sheet welded using Ar with a filler metal). The localized corrosion was finally propagated from the ¡-phase to the £-phase. (4) Based on the results of the electrochemical, CPT and CCT tests, the resistance to localized corrosion of the HDSS tube-to-tube sheet welded using a pure Ar shielding gas with a Ni-based filler metal is superior to that of the HDSS tube-to-tube sheet welded using pure Ar without the filler metal. 
